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Wound Healing in the PU.1 Null Mouse—Tissue Repair
Is Not Dependent on Inflammatory Cells
antisera depletion of neutrophils from guinea-pig wounds
did not significantly perturb tissue repair in sterile condi-
tions [4], similar depletion of macrophages with antisera
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the latter study, retarded repair was coincident with anDevelopmental Biology
University College London accumulation of cell and matrix debris at the wound
site. However, in these depletion studies, steroid treat-Gower Street, London WC1E 6BT
United Kingdom ment may have knocked down more than just leukocytes
at the wound site. Indeed, it is known that steroids are2 Cancer Research UK, 61
Lincoln’s Inn Fields inhibitory to the upregulation of immediate-early genes
in response to growth factor inductive signals [6], andLondon WC2A 3PX
United Kingdom these may be crucial activators of the repair process.
The PU.1 null mouse provides an ideal opportunity to3 The Burnham Institute
10901 North Torrey Pines Road more directly test the role of macrophages and neutro-
phils in the repair process, essentially by genetic abla-La Jolla, California 92037
tion; this ETS family transcription factor is hematopoie-
tically restricted and essential for maturation and
functional competence of several haemopoietic lin-Summary
eages, and thus the PU.1 null mouse is born with neither
macrophages nor functioning neutrophils [7, 8].Damage to neonatal and adult tissues always incites
an influx of inflammatory neutrophils and macro- We made full thickness 2 mm incisional wounds on
the dorsal forepaw of antibiotic-maintained, neonatalphages. Besides clearing the wound of invading mi-
crobes, these cells are believed to be crucial coordina- PU.1 null mice derived from PU.1 heterozygote crosses
(n 34). The wound site was labeled by brushing carbontors of the repair process, acting both as professional
phagocytes to clear wound debris and as a major into the incision immediately post-wounding. Wild-type
mice from these litters reepithelialize such a wound insource of wound growth factor signals. Here we report
wound healing studies in the PU.1 null mouse, which 3 days, sloughing the overlying scab on the fourth day.
Staining for a neutrophil-specific enzyme, chloroacetateis genetically incapable of raising the standard inflam-
matory response because it lacks macrophages and esterase (CAE), reveals a peak of neutrophils at wound
sites about 1 day post-wounding (Figure 1A), while infunctioning neutrophils. Contrary to dogma, we show
that these “macrophageless” mice are able to repair situ expression data for c-fms or immunostaining with
the monocyte/macrophage-specific antibody, F4/80[9],skin wounds with similar time course to wild-type sib-
lings, and that repair appears scar-free as in the em- shows an influx of macrophages from 12 hr after
wounding, peaking at between 2 and 4 days (Figuresbryo, which also heals wounds without raising an in-
flammatory response. The growth factor and cytokine 1C and 1C), and remaining at the wound site for up to
5 or 6 days post-wounding.profile at the wound site is changed, cell death is re-
duced, and dying cells are instead engulfed by stand- As expected, PU.1 null littermates show an absence of
CAE or F4/80 staining or c-fms expression at equivalentin phagocytic fibroblasts. We also show that hyperin-
nervation of the wound site, previously believed to be wound sites (Figures 1B, 1D, and 1D). However, con-
trary to dogma, these mice, while unable to raise a cella consequence of inflammation, is present in the PU.1
null wound, too. inflammatory response, show no retardation in the repair
process, with all wounds examined at 4 days (n  27)
being fully closed and the scab lost, just as for equivalentResults and Discussion
wild-type wounds. These data strongly suggest that the
inflammatory response is not absolutely essential forThe repair of a skin wound is a complex process requir-
tissue repair. In fact, the healed epidermis at 3 daysing the collaborative efforts of many cell lineages to
appeared more mature than in equivalent wild-typeshore up the gap and to replace the missing tissues. It
wounds (Figures 1E and 1F). Remarkably, at this stage,has long been considered that the inflammatory re-
resin histology through the PU.1 null wound connectivesponse is instrumental in supplying growth factor and
tissue showed no obvious difference from the connec-cytokine signals that orchestrate the cell and tissue
tive tissue in adjacent unwounded dermis (n  4; Fig-movements necessary for repair [1]. Neutrophils are
ure 1F).known to express several proinflammatory cytokines at
To more fully challenge the wound repair capacity ofthe wound site [2], and macrophages from wound tis-
these mice, we made full-thickness excisional woundssues also express many of the growth factors that might
of 2 mm diameter to the forepaws of a further 18 PU.1regulate the repair process [3]. Moreover, a classic se-
null mice. In wild-type wounds of this sort, repair isries of experiments in the 1970’s showed that while
achieved by a combination of reepithelialization and
granulation tissue contraction [1]. Reepithelialization is*Correspondence: paul.martin@ucl.ac.uk
4These authors contributed equally to this work. complete by 5 days and the scab is lost on the sixth day
Perfect Healing in the Macrophageless PU.1 Mouse
1123
post-wounding. Again, we saw effective tissue repair in cytokine signals normally present at the wound site
would be significantly altered in PU.1 null wounds be-matched PU.1 null littermates (Figures 1G and 1H).
cause of the absence of inflammatory cells. Indeed,In wild-type mice, macrophages act as the chief
RNase protection studies to examine expression of IL6,phagocyte of cell debris at the wound site [5, 10]. In
a proinflammtory cytokine known to be robustly ex-PU.1 null wounds, TUNEL staining reveals significantly
pressed in wild-type wounds [17], show it to be almostreduced levels of programmed cell death during the
absent in “macrophageless” PU.1 null wounds (Figureearly stages of the repair process. At 24 hr after
3E). One of the growth factors believed to play a pivotalwounding, we count a mean of 15 corpses per 10,000
role in various aspects of tissue repair is TGF1. TGF1m2 in PU.1 null wound granulation tissue, versus 34
is immediately released by degranulating platelets (notcorpses per 10,000 m2 in the wild-type (n  9; SDs 
missing in PU.1 null mice), and subsequently for an ex-4 and 5, respectively). This clearly in part reflects the
tended duration by keratinocytes and macrophages atlack of neutrophil recruitment, since neutrophils com-
the wild-type wound site [18, 19]. RNase protectionprise the majority of dying cells at the wild-type wound
studies reveal that levels of TGF1 mRNA are indeedsite, but may also reflect a reduced presence of cells
reduced, but not absent, in the PU.1 null wound, nowactively delivering cytotoxic free radical bursts [11]. This
that the macrophage source of growth factor is missingdiscrepancy in numbers of apoptotic corpses in the 24
(Figure 3E). In the embryo also, the only source of growthhr PU.1 null versus wild-type wound site is reversed
factor signals (such as TGF1) at the wound site is localat later time points; in 4 day wounds, the numbers of
upregulation by adjacent epithelial and mesenchymalapoptotic cells are greater in the PU.1 null than the wild-
cells, since here too there is no influx of inflammatorytype wound (mean of 19 corpses versus 10 corpses per
cells [20]. Embryos also do not scar, and the implication10,000 m2, respectively; n  9 and SDs  4.9 and 2.7;
from several studies is that this is because they areFigures 2A and 2B), suggesting that while there may
exposed to reduced levels of TGF and other woundbe fewer corpses to clear in the PU.1 null wound, the
signals [20–22]. By contrast, the abundance of growthphagocytic clearance of this debris is less efficient, as
factor signals brought to the adult wound site by inflam-previously reported in earlier macrophage depeletion
matory cells might be what leads to excessive matrixstudies [5]. Our transmission electron microscopy re-
deposition and scar contracture post-repair [23, 24].veals that cell and matrix debris, which is engulfed by
More recently, repair of skin wounds in Smad 3 nullmacrophages in wild-type wound tissue (Figures 2C and
mice, where TGF responsiveness is largely lost in kera-
2D), is instead engulfed and cleared by what appear to
tinocytes, fibroblasts, and leukocytes, has been shown
be “stand-in” fibroblast phagocytes in PU.1 null wounds
to proceed more rapidly and with a reduced inflamma-
(Figures 2E and 2F), just as is the case for developmental tory response and less eventual fibrosis than in wild-
programmed cell death in the macrophageless PU.1 null type sibling mice [25]. These data and our PU.1 null
embryo [12]. Resin histology through the healed PU.1 studies reported here suggest that TGF1 and other
null mouse wound showed apparently perfect reconsti- cytokines from inflammatory cells may not be essential
tution of dermis at the wound site by 7 days post- for repair but might be causal of fibrosis at sites of adult
wounding (Figures 1G and 1H). We suspect that PU.1 healing.
null fibroblasts are simply revealing their innate—albeit The wounded PU.1 null mice also provide an opportu-
inefficient—capacity to engulf debris since there is also nity to test the speculation that cutaneous sensory nerve
evidence for clearance of apoptotic corpses by amateur sprouting leading to hyperinnervation of neonatal and
phagocytes in the footplate and developing brain of adult, but not embryonic, wound sites is a consequence
wild-type embryos [12, 13]. However, there remains the of neurotrophic signals from inflammatory cells drawn
possibility that more permanent compensatory changes to the repairing skin tissue [26–28]. Just as previously
may have arisen within these cells. reported [27], we see a dramatic branching and exten-
How are PU.1 excisional wounds able to regenerate sive ramification of fibers toward and within the site of
dermis at the wound site, without signals from inflamma- repair in 7 day wild-type wounds (n  5; Figure 3F).
tory cells? Since normal granulation tissue formation is But we also see similar levels of hyperinnervation at
associated with a dramatic angiogenic response [14] equivalent PU.1 null wound sites (n  7; Figure 3G),
and transformation of fibroblasts into a specialist con- suggesting that whatever nerve branching cues may
tractile cell type, the myofibroblast [15], we compared exist at sites of repair, they are either not supplied by
these events in PU.1 null and wild-type wounds. Our inflammatory cells or can be compensated for in the
studies showed no apparent difference between wild- “macrophageless” PU.1 null wound.
type and PU.1 null animals with respect to myofibroblast Our experiments clearly show that inflammation is not
presence (n  3 for each; Figures 3A and 3B), but a an essential prerequisite for efficient tissue repair, so
slightly enhanced angiogenic response in the PU.1 null long as microbial infection is controlled with antibiotics.
wound tissue at 4 days, with a 30% increase in number The more foetal-like repair seen in these inflammation-
of blood vessel profiles (mean of 93 versus 71 profiles free wounds may, in part, be due to reduced amounts
per 50,000 m2; n  3 and SDs  6.2 and 3.8, respec- of cell death at the PU.1 null wound site and also to
tively), and accompanying increased vessel lumen diam- reduced and/or more transient levels of some growth
eter (Figures 3C and 3D), suggesting that the absence factor and cytokine signals. Because of these observa-
of inflammatory cells may release endothelial cells from tions, we suggest that local modulation of the cellular
some sprouting inhibitory factor, just as previously ob- inflammatory response at the site of wounding might
served in TNFR null mice [16]. be a beneficial therapeutic strategy for management of
tissue repair in the clinic.We presumed that the profile of growth factor and
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Figure 1. Inflammation and Repair in the PU.1 Null versus Wild-Type Wounds
(A) Numerous CAE-positive (bright pink staining) neutrophils (arrows) have been recruited to the wild-type wound tissue at 1 day post-
wounding.
(B) An equivalent 1 day PU.1 null wound shows no such neutrophil recruitment.
(C) The wound granulation tissue is heavily populated by F4/80-positive (brown staining) macrophages (arrows) at 4 days post-wounding in
the wild-type. (C) These cells are also revealed by in situ expression of the earlier macrophage marker, c-fms.
(D and D) The equivalent wound in a PU.1 null animal is devoid of macrophages, as seen by F4/80 immuno- and c-fms in situ staining.
(E) Resin histology of a 3 day wild-type incisional wound showing the recently covered keratinocyte epithelial layer (e) beneath a scab (s).
Note the epithelial layer appears immature in that there are no squames between it and the scab. In the wound connective tissue (ct), dark
staining inflammatory cells and apoptotic corpses (indistinguishable in resin histology) are indicated by arrows.
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Figure 2. Apoptotic Corpses and Their Engulfment in PU.1 Null versus Wild-Type Wounds
(A) At four days post-excisional wounding in the wild-type wound, TUNEL staining (bright green spots) reveals apoptotic corpses in the wound
granulation tissue beneath the wound epidermis (e). White line indicates the interface between epidermis and wound connective tissue.
(B) In the equivalent PU.1 null wound, more corpses are seen.
(C and D) TEM views of two typical macrophage phagocytes (m) at the wild-type wound site, swollen with cell corpses (asterisk in C) and
caught in the act of engulfing matrix debris (asterisk in D).
(E) In the PU.1 null wound, individual “stand-in” fibroblast phagocytes are seen to have engulfed apoptotic corpses, and occasionally two
fibroblasts (e.g., a and b) are observed extending lamellipodia (arrowheads) around the same item of cell debris before one engulfs it.
(F) Stand-in fibroblast phagocytes can also be seen engulfing matrix debris (asterisk). Scale bars equals 50 m for (A) and (B) and 5 m for
(C)–(F).
(F) An equivalent PU.1 null wound reveals a somewhat more mature, repaired keratinocyte epidermal layer (note keratin squames beneath
scab), covering a relatively well-organized wound connective tissue with no apparent inflammatory cells or apoptotic corpses.
(G) At 7 days post-wounding, a wild-type excisional wound is fully repaired and has lost its scab, but the connective tissue at the wound site
remains denser than in adjacent unwounded tissue.
(H) In the equivalent PU.1 null wound, the connective tissue at the wound site appears very similar to that in adjacent unwounded tissue, with
no apparent scar.
(A) and (G) are schematics to illustrate the approximate size and location of standard incisional and excisional wounds made.
Scale bars equal 20 m for (A), (B), (E), and (F); 50 m for (C) and (D); and 100 m for (G) and (H).
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Figure 3. Cell and Growth Factor Response to Repair in the PU.1 Null versus Wild-Type Wound
(A) -smooth muscle actin staining (brown) of a 3 day excisional wild-type wound reveals a myofibroblast presence in the wound granulation
tissue (asterisk).
(B) The equivalent PU.1 wound reveals a similar intensity and extent of staining in wound granulation tissue.
(C) PECAM staining of the 3 day wild-type wound reveals a dense network of capillaries (brown staining) within the wound granulation tissue.
Perfect Healing in the Macrophageless PU.1 Mouse
1127
Experimental Procedures Template cDNAs are described in [32] and references therein. Differ-
ences in the intensity of bands were quantified using ImageQuant
(Molecular Dynamics).Mice and Wounding
Generation and genotyping of PU.1 mice has been described pre-
viously [7]. Tail tip blood smears were stained with Giemsa for rapid Resin Histology and TEM
identification of null individuals by absence of neutrophils. 1 day Specimens for resin histology were fixed in half-strength Karnov-
pups received local anesthetic gel to their forepaw and incisional sky’s fixative at 4C, rinsed in 0.1 M sodium cacodylate buffer, and
wounds made with a scalpel or circular excisional wounds with post-fixed in 1% osmium tetroxide before being dehydrated and
iridectomy scissors and the wound marked with carbon. Sample embedded in Araldite resin. Sections were cut at 5 m and stained
wounds proved to vary by less than 15% in linear dimension. Subse- with Toluidine Blue, and for examination by TEM, we cut ultrathin
quently, PU.1 null mice and control sibs were maintained with daily sections, stained with uranyl acetate and lead citrate, and examined
antibiotic injections until sacrifice at appropriate times. For wound them using a Jeol 1010 transmission electron microscope.
harvesting, animals were terminally anaesthetized with Lethobarb,
then perfused with saline followed by 4% paraformaldehyde in PBS
Acknowledgmentsor half-strength Karnovsky’s fixative [29]. Wounded skin was then
dissected from the forelimb and fixed overnight prior to rinsing in
We thank all in the Martin lab for constant encouragement andbuffer and embedding in wax, OCT, or Araldite resin. Wax- and
support and Mark Turmaine for help with the EM. Work in our labOCT-embedded tissues for immunohistochemistry were sectioned
is funded by the Wellcome Trust, the MRC, and Pfizer UK. PU.1 nullat 10 and 14 m, respectively, except for cryosections for nerve
mice were initially derived in the lab of R.M. (NIH grant AI30656).staining, which were cut at 60 m.
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